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Abstract: The Songhua River is one of the most populated and oldest industrial areas in Northeast
China. To understand the sources and distribution of polycyclic aromatic hydrocarbons and their
derivatives, such as 16 priority (PAHs), 33 methylated (Me-PAHs), and 12 nitrated (NPAHs) in river
water and sediment, were noticed. The concentrations of }_ PAHs, } Me-PAHs, and } NPAHSs in river
water scaled from 135 to 563, 9.36 to 711, and 1.26 to 64.7 ng L1, with mean values of 286, 310, and
17.9 ng L1, and those in sediments were from 35.8 to 2000 ng g, 0.62 to 394 ng g !, and 0.28 to
176 ng g~ ! (dry weight) with mean values of 283, 103, and 21.7 ng g~ !. The compositions proved
that two-ring and three-ring compounds of PAHs, NPAHs, and four-ring, six-ring of Me-PAHs were
prevalent in water samples; in contrast, four-ring dominated in sediments. Principal components
analysis (PCA) and diagnostic ratios confirmed that pollutant source was mixed petrogenic and
pyrogenic origin. The fugacity fraction (ff) was also calculated to explain the trend of sediment-water
exchange, high ff values found in summer, for most HMW PAHs and Me-PAHs that these substances
acted as a secondary source of emissions from sediment to water. The risk assessment for water was
categorized as high.

Keywords: PAHs; risk assessment; water—sediment exchange; seasonal variations

1. Introduction

Rivers are important channels through which anthropogenic contaminants, land-based
and natural materials, enter the oceans; via river runoff, about 85% of the materials from
land are transported into the sea [1]. One of these materials, (PAHs) polycyclic aromatic
hydrocarbons are a group of widespread organic compounds that represent semivolatile,
lipophilic, toxic, and persistent pollutants regarding urban and industrial sources and
environmental behavior [2]. Among the contaminants, PAHs because of their ubiquity
are considered parameters of interest and the present of compounds which represent a
health risk such as Benzo(a)pyrene (BaP) [3]. According to their properties and molecular
weights, PAHs can be divided into two types: high molecular weight (HMW) compounds
with four to six benzenoid rings that dominate in sediments, and low molecular weight
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(LMW) compounds with two or three benzenoid rings that usually dominate in water [4].
PAHs in the environment come basically from two sources: (i) pyrogenic PAHs produced
by asphalt processing, waste incineration, fossil fuel combustion, and biomass burning,
(ii) petrogenic PAHs connected with refined oil spills and crude. One to several methyl
groups is commonly used to distinguish pyrogenic PAHs. Besides, alkylated PAHs contain
one to several methyl groups while two to three rings are commonly observed in petro-
genic PAHs. Alkylated PAHs are categorized based on the carbon number of alkylated
substituents as well as the parent rings number and they are especially significant in crude
oil, where alkylated PAHs account for 90% of the PAHs [5]. PAHs are released by the
atmosphere, urban runoff, municipal and industrial effluents in coastal environments [6].
Related to PAHs derivatives, for instance, (NPAHSs), which are launched especially from
combustion sources [7]. Furthermore, NPAHs, specifically 2-nitro-fluoranthene and 2-
nitro-pyrene, are formed in a secondary process that used a gas that is abundant in air
pollution [8]. Relevant sources of Me-PAHs and PAHs include vehicle pollution, industries,
as well as incomplete combustion [9]. Carbon products (oil, petroleum) are also a source
of polycyclic aromatic compounds due to their transportation and processing [10]. In
addition, by using topologically simple Hiickel theory, researchers attempted to elucidate
the carcinogenic activity of Me-PAHs. The authors discovered that a number of these
derivatives are very toxic and harmful to human health, more than some polycyclic aro-
matic hydrocarbons, because of their carcinogenicity [11]. Therefore, Me-PAHs and NPAHs
have been of great of interest due to their higher toxicity [12]. Methylbenzaanthracene and
Benzol[a]pyrene have strong carcinogenic action, whilst there were moderate and poorly
active methyl-benzo[c]phenanthrens substituted in positions (3, 4, and 5) [13]. Besides
that, PAHSs derivatives had been recognized as direct carcinogens causing inflicting and
greater harm [14]. Furthermore, PAHs are transformed into derivatives with the aid of
metabolic reactions in the physical and chemical responses in the air [15]. PAHs inputs,
especially to the aquatic organisms, pose a very high health risk to wildlife and human
health [16]. The targets of the current research are to (1) explore the concentration degrees,
and distribution of PAHs, NPAHSs, and Me-PAHs in sediment and water from the river, the
third-largest river in northeastern China, and diagnose their possible sources, (2) verify the
potentially poisonous influences of PAHs, Me-PAHs, and NPAHs bound to bottom sedi-
ments and water, and (3) estimate the effects obtained with statistics recorded worldwide.
The outcomes of this research will add new data to the international database and produce
valuable information for regulatory actions to enhance environmental quality.

2. Materials and Methods
2.1. Sampling Sites

The Songhua River has a catchment area of around 556,800 km? and is located between
41°42' N and 51°48’' N, and between 119°52’ E and 132°31’ E [17]. With a length of 1970 km,
it is in China the third-largest river, and among the largest sides of the Heilong River,
consisting the Second Songhua River, the Nen River. Additionally, Heilongjiang province,
which is located in the northeast, the coldest area in China, and the heating season is
around 6 months [18]. There are various large urban and populated areas (such as Harbin
and Jiamusi) along the river, and all these cities dispose of treated wastewater into the river,
which turns into the main source of toxicity.

Thirty-two river water and 54 sediment samples were gathered in 6 months, establish-
ing from June till December 2017, comprising summertime and winter seasons in the year.
The 16 water and sediment testing sites (51-516 and W1-W16) were chosen involving the
form of anthropogenic input (upstream and downstream of specific high, medium, and
small cities; Figure 1 and Table S1 in Supplementary Materials). The surface sediment sam-
ples were collected from a depth of 0-20 cm. The technique for accumulating sediment and
water samples was once mentioned in our earlier research [18]. In summary, 1 L for each
water sample gathered at testing sites was put into amber glass bottles and were capped
with Teflon-lined caps. Samples were (i) transformed with hydrochloric acid (pH 2-3) and
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(ii) then stored at 4 °C in darkness. The surface sediment samples ranging from 0 to 10 cm
were (i) tacked and saved in aluminum containers, (ii) then freeze-dried, and (iii) finally
stored in darkness at —20 °C. All samples were transmitted to the Laboratories of the
International Joint Research Center for Persistent Toxic Substances for analyses.
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Figure 1. Sampling locations in the Songhua River Basin, including sediment and water.

2.2. Analytical Procedure

Solid-phase extraction (SPE) was used to extract the selected compounds from wa-
ter samples (1 L) filtered through a 0.45 m membrane filter (Millipore, Billerica, MA,
USA), as mentioned previously [18]. Tandem linked HLB cartridges (500 mg-6 cc ),
(Water-MILFORD, Massachusetts, USA) were noticed of DCM with 5 and 5 mL of MeOH,
accompanied by ultrapure water (5 mL) at a rate of approximately 1 mL min~!. After that,
water samples (1 L) were loaded at a rate of about 5 mL min~!. After drying for 60 min with
a gentle stream of Ny, the SPE cartridges were eluted from the sorbent as follows: (i) the
analytes were eluted from the sorbent into 15 mL tubes with 10 mL of methanol in ethyl
acetate (15% v/v) at a flow rate of 1 mL/min, (ii) the extracts were concentrated by a gentle
stream of Ny to approximately 1 mL, (iii) then transferred to 1.5 mL amber glass vials, and
continuously dried under N, for derivatization. For sediment, ultrasonic extraction was
used. Briefly, (i) 5 g of sediment sample (freeze-dried and homogenized), (ii) then added
25 mL mixture solvent of methanol-dichloromethane (1:1 v/v) was ultrasonically extracted
for 20 min, and (iii) centrifuged at 3000 rpm for 5 min; the supernatant was collected;
extraction was repeated two more times; after that (iv) the extracts were combined into a
flask. (v) After that, the extract was concentrated to approximately 1 mL and redissolved
into 500 mL Milli-Q water, and finally (vi) the solution was extracted by SPE procedure
similar to that described previously.

2.3. Instrumental Analysis

The derivatization for GC-MS analysis, briefly, (i) the extract was concentrated to
1.0 mL and transferred to an amber GC vial, (ii) afterward dried under N2; 100 uL. BSTFA
with 1% TMCS and 50 pL pyridine was added in the GC vial; reacted at 70 °C for 60,
(iii) then after the temperature was brought to ambient conditions, 50 ng of pyrene-d10 was
added as an internal standard, and (iv) the sample was diluted to 0.5 mL with isooctane for
analysis by GC-MS. The detection of PAHs, Me-PAHs, and NPAHs were performed by
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use of Agilent 6890 N gas chromatograph interfaced with a 5973 C mass selective detector
“MSD” as well as an HP-1 MS GC column (30 m, 0.25 mm, i.d., 0.25-Im film thickness) and
equipped with an Agilent 7683B autosampler. Helium was used as the carrier gas with
a flow rate of 1.0 mL min~!. Injector temperature was 250 °C. The GC oven temperature
was kept at 100 °C for 1 min, followed by a first ramp at 10 °C min—! to 200 °C, a second
ramp at 3 °C min~! to 280 °C, and held for 2 min. The lists of all transfer variables,
including collision energy as well as retention time, are listed in Table S2, as well as Figure
S1 (Supplementary Materials).

2.4. Quality Assurance/Quality Control (QA/QC)

All of the data was established, including quality assurance (QA) as well as quality
control (QC). A blank procedural and a matrix spike (20 ng/L dry weight) with sediment
samples and 100 ng/L for water samples), and to verify the contaminants, a matrix spike
extra was accurately checked, peak identification and measurement in each batch of
12 samples analyzed. Two levels of matrix-spiking (100 uL solution with 50 or 500 ng of
native standards in acetone) were spiked into the samples for triplicate tests, left for 30 min
stabilization, then the SPE procedures were followed as above. The calibration curve of
all the target analytes was prepared at concentrations ranging from 1 to 500 ng/mL (1,
5,10, 20, 50, 100, 200, and 500 ng/mL) for native standards with 100 ng/mL of internal
standards. Unchanging level of internal standard (100 ng/mL) with a sequence of injections
of objective compounds at different concentrations was attained to determine the system
of the linear range. If each of the sample extracts reached the range, they would be diluted
appropriately to get the response within the calibration range.

2.5. Determination of Water, Sediment Equilibrium Partitioning, and Risk Assessment

The fugacity fraction (ff), applied to evaluate the chemical exchange manner between
water and sediment as well as equilibrium states [19], is defined as

ff = Ko (1)
Koce +Koc

where K is the organic carbon normalized partition coefficients, and Ké)c is the in-situ
water, sediment partition coefficient, given by:

Cs

Ki= —2—
OC ™ Cuqfoc

@)

In the above equation, Cs (ug kg ) is the concentration of PAHs in solids, Caq (ng L)
is the concentration of the aqueous phase, and fo. (unitless) is the organic carbon fraction
of the sediment [20].

Water-sediment equilibrium shows that the fugacity (ff) values are equal to 0.5; as a
result, the net-diffusion flux is close to zero, which is in perfect agreement with the study
performed by Wang et al. [21]. For fugacity (ff) values higher than 0.5, it was noticed a
migration of PAHs compound from the surface sediment to the water, and in this typical
case, the sediment is admitted as a secondary emission source. Conversely, the sediment
acts as a sink for fugacity (ff) values less than 0.5 and, in that typical case, migration of
PAHs from the water to the sediment.

Furthermore, risk assessment is an essential method for identifying the particular
effects of chemicals to find an appropriate risk minimization solution and assessing the
adverse effects of PAHs exposure on human health, defining the target organ [22]. Risk
Quotients (RQ) were commonly utilized on aquatic biota to evaluate the probable ecological
risk of PAHs. These risk quotients (RQ) are given as follows:

C
RQnes = If{éHss 3)
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C
RQwpes = NFI/jg; 4)

where RQypcs were risk quotients maximum permissible concentrations, “MPCs” and
ROnics represented risk quotients of negligible concentrations “NCs” of PAHs in water.
Moreover, Ecological Risk Assessment below describes the risk state according to both
RQncs and RQypcs level, where Cqy(nes) represents the NC quality values of PAHs and
Covmpcs) represents the MPC quality values. The RQ value of each individual PAHs
was compared with a reference-quality value. RQncs < 1.0 indicate negligible risk from
individual PAHs, RQncs > 1.0 and RQppcs < 1.0 indicate moderate risk and RQypcs > 1.0
indicate severe contamination of individual PAHs. For the RQs of total PAHs (RQypas),
RQy-pans(Ncs) < 1.0 indicate very low risk, 1 < RQy-pansncs) < 800 indicate low to moderate
risk and RQZPAHS(MPCS) Z 1 and RQZPAHS(NCS) Z 800 indicate hlgh risk [23]

The potential carcinogenic toxicity of the assessed sediments was calculated applying
the total BaP toxic equivalence quotient (TEQCCARC) 'which is formed as:

TEQ“*RC = Y"C; x TEFi ®)

where TEFi stands for the corresponding toxicity equivalence factor relative to BaP and
Ci represents the concentration (ng-L~?!) of carcinogenic (i) potentially contained in PAHs,
namely BaA, BaP, BKF, BbE, Chr, DahA, and IndP [24].

2.6. Statistical Analysis

(SPSS 25.0) statistical software packages were used to conduct statistical analyses.
The results were given in the form of a range mean and standard deviation. Analysis
of variation (ANOVA) tests were used to calculate differences in Me-PAHs, NPAHs, and
PAHs values at sampling sites. To recognize the origins of compounds, PCA were used to
present relationships and trends within datasets.

3. Results and Discussion
3.1. Concentration Levels of PAHs, Me-PAHSs, and NPAHs in Water and Sediment

Analysis of 61 compounds of interest, 16 PAHs, 33 Me-PAHs, and 12 NPAHSs, was
evaluated in river water and sediment alongside the Songhua River in Northeast China.
This can be seen in Table 1. The total concentrations of PAHs, Me-PAHs, and NPAHs
ranged from 135 to 562, 9.36 to 711, and 1.26 to 24.5 ng-L’l, and the mean concentrations
of 285, 155, and 14.5 ng-L’l (Table 1). It was found that virtually all mean values of PAHs
in this study were greatly higher than the PAHs detected in the waters of the Yangtze
River China [25]. Comparatively, the highest average concentration was noticed in PAHs
at site W11 (29.0 & 14.7 ng-L~!) and followed by Me-PAHs at site W10 (8.17 £ 11.9ng-L~%;
Table S3 in Supplementary Materials), emphasizing the occurrence of pollution in the
existing area. Site W11 is located in the core of the Mudan River. Site W10 was in the
middle of the Tangwang River, as displayed in Figure 1. The lowest concentration in
water was discovered in NPAHSs at Site W7 (3.42 + 0.13 ng-L~!), which is positioned
downstream of Tonghe County (Figure 1). Pollution levels for PAHs, including their
derivatives in water, were characterized into four groups: low polluted, <50 ng-L~!,
slightly polluted, 50-250 ng-L~!; moderately polluted, 250-1000 ng-L~!; very polluted,
>1000 ng-L_1 [22]. Relating to this classification, samples at the three sites, W11, PAHs,
W10, Me-PAHs, and W7, NPAHs had low polluted levels. The average concentration
of individuals compound in the water samples was in the order: Nap > Phe > Flu > 2-
MNAP > 9-MANT > 1-MNAP > Fluo > Acy > Pyr > 3,5-MBaA > 9,10-DMA > 1,3-DMNAP
> Ace > 2,6-DMNAP > 2,7-DMNAP, Table S4 (Supplementary Materials). The average
value of Benzo[a]pyrene was 4.16 ng-L~!; subsequently, derivatives 7,10-MBaP and 7,10-
DMBaP were below standard values with a mean of 0.42 and 0.74 ng-L~!, respectively,
both lower than 2.8 ng-L_l, Water Quality Criteria of the USEPA [26]. This confirmed
that the existence of PAHs in water presents significant health risks as contrasted to their
derivatives used as drinking water. The values of Me-PAHs in this research were greater
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than those conducted in French studies [27]. Additionally, seasonal variation was dissimilar
among testing sites in river water over the summertime as well as winter duration Figure S2
(Supplementary Materials). In the hot season, the mean values of ) PAHs, ) Me-PAHs, and
Y NPAHs, were greater than in the cold season. It is possibly related to rising overflow in the
course of the summer season; contaminants had been swept into the aquatic environment.
The same as the product of PAHs pollutants dominated during summer was discovered in
previous research [28].

Table 1. Concentrations (ng/L), (ng/g) of }_16 PAHs, } 33 Me-PAHs, and ) 12 NPAHs in water and sediment samples from
the Songhua River, Northeast China.

Water (ng/L) Sediment (ng/g)
Compound
Range Mean Median Range Mean Median

Y PAHs 135-562 285 252 35.8-200 283 129
LMW PAHs 117413 230 209 20.6-249 91.5 76.1
HMW PAHs 17.9-148 55.8 43.3 15.2-1750 191 52.7
LMW /HMW 6.53-2.78 4.12 4.81 1.35-0.14 0.47 1.44
Y Me-PAHs 9.36-711 155 126 0.62-394 86.0 57.2
LMW Me-PAHs 4.55-243 36.8 122 0.6-259 63.0 43.7
HMW Me-PAHs 4.81-467 10.2 3.06 0.02-135 229 13.4
LMW/HMW 0.94-0.52 3.60 40.1 30-1.91 2.74 3.25
Y NPAHs 1.26-24.5 14.5 10.2 0.28-170 20.6 5.4
LMW NPAHs 1.26-24.5 14.5 10.2 0.28-170 20.6 54

As shown in Table 1, the sediment concentrations of ) PAHs ranged from 35.8 to
2000 ng-L~!, with a mean of 283 ng-L ™!, 0.62-394 ng-L~!, with a mean of 86.0 ng-L 1, for
Y Me-PAHs, and 0.28-176 ng-L.~!, with a mean of 20.6 ng-L~!, for YNPAHSs. The greatest
concentration (122 £+ 10.5 ng-L’l) was discovered in PAHs detected at Site S10, which is
situated in the middle of Tangwang River. A significant intention behind this highest con-
centration is probably consequently urbanized location. The second-highest concentration
was Me-PAHs (10.9 £ 1.5 ng~L’1), found on S3, which is situated downstream of Da’an,
and followed by NPAHSs (3.12 + 0.77 ng-L 1), found at S13, which located in the middle
of Lalin River, as displayed in Table S3 (Supplementary Materials). The average values of
individual chemicals in sediment were in the order: Phe > Fluo > Pyr > Nap > BbF > Chr
> BaA > IcdP > BaP > Flu > 9-MANT > 2-MNAP > 9,10-DNAN > BkF > 1-MNAP > Ant
(Table S5 in Supplementary Materials). Generally, high molecular weight of PAHs and low
molecular weight of Me-PAHs were prevailing in sediments. The average concentrations
of LMW and HMW PAHs in sediment were 91.5 and 192 ng-L~!, and those for Me-PAHs
were 63.0 and 22.9 ng-L~! (Table S5). The PAHs stages in sediment ought to be categorized
into four classes: low, the stage at 0-100 ng-L~!, moderate, the degree at 1001000 ng-L~ 1,
high, at 1000-5000 ng-L~!, and very high at >5000 ng-L~! [29]. As a result, the total value
of PAH pollution in this study was estimated as a low stage. Regarding the indifference
with limitless researchers around the world, the sediment values of PAHs in this research
were higher than these determined in the Yangtze River Delta, with a mean concentration
of 144 ng-L~! [30], in Weihai, with an average of 67.44 ng-L~! [31], and River estuary, Italy
with an average value of 155 4+ 134 ng-L ! [32]. As proven in Figure S5 (Supplementary
Materials), average concentrations of ) PAHs, } Me-PAHs, and } NPAHs in sediments
were determined to be larger in the course of the summertime in contrast to these in
wintertime. The excessive temperature possibly leads PAHs to the consequent evaporation
and degradation [33]. It was in a settlement with the research posted previously, where the
degrees of PAHs were also decreasing over winter [34].

The physicochemical residences of sediment and water samples were evaluated. pH
varies from 6.7 to 8.62 based totally on the sites of sediment and water in the Songhua
River. TOC in sediment ranged from 4.59% to 19.6%, with a common value of 8.04%
and in water ranged from 3.4% to 19.6% to average 8.26% (Table S6 in Supplementary
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Materials). The insignificant correlation between } PAHs and TOC of sediments was
observed in this research, which could appear from the very low affinity of PAHs for total
organic carbon (TOC), which could erode the exceptional river bed sediment and this
resuspends them in the water column, as a consequence diluting the total organic carbon
(TOC) that make PAHs sorb in the sediment [35]. Equivalent findings were recorded by
other scientific studies [36]. Furthermore, significant positive correlations between PAHs
concentrations and their derivatives NPAHs (R? = 0.026) and Me-PAHs (R? = 0.32) were
observed. Concentrations in multimatrices, besides sediment, show negative correlation
in winter between PAHs and NPAHs, Me-PAHs (R? = 0.004), (R = 0.0002; Figure S3a,b in
Supplementary Materials). The findings indicate that these chemicals came from a variety
of sources, as well as distribution or degradation processes in the Songhua River. PAHs
in sediment and water identified the existing levels of contamination, according to earlier
studies [17].

3.2. Source Apportionment

Diagnostic ratios of PAHs were established for demonstrating PAHs composition and
the substantial source [37] plot of BaA/(BaA + Chr) > 0.35, Fluo/ (Fluo + Pyr) > 0.5, InP /(InP
+ BghiP) > 0.5, Ant/(Ant + Phe) > 0.1, thus conducted to coal or biomass. Moreover, PAHs
defined as petroleum sources are recognized by BaA/(BaA + Chr) < 0.2, InP/(InP + BghiP)
< 0.2, Fluo/(Fluo + Pyr) < 0.4, and Ant/(Ant + Phe) < 0.1 [38]. Moreover, MP /P ratio sum
of (3-MPHEN +2-MPHEN +1-MPHEN/PHEN + 9-MPHEN) < 1, pyrogenic source and >2.0
signifies petrogenic, and 1-2, mixed sources [39]. In river water, the plots of Fluo/(Fluo +
Pyr), Ant/(Ant + Phe), and InP/(InP + BghiP) were varied from 0.02 to 0.1, 0.0 to 0.2, and
0.2 to 0.5, observing petroleum origin, among the 16 sampling sites, 10 were suggested to
be afected by petroleum sources (Figure 2a—c). Among the sites influenced by petrogenic
sources, W6 and W5 were situated in industrial and commercial areas. Additional plots
of Fluo/(Fluo + Pyr), InP/(InP + BghiP), Ant/(Ant + Phe), MPhe/Phe, and BaA/(BaA
+ Chr), ranged from 0.5 to 0.9, 0.5 to 0.6, 0.1 to 0.18, 0.35 to 0.6, and 0.9 to 1, appearing
as a source biomass and coal composition; all 16 sampling sites, were suggested to be
affected by biomass and coal composition sources, except W9 was affected by mixed source
(Figure 2a—). For sediment, the values of Fluo/(Fluo + Pyr), InP/(InP + BghiP), and
Ant/(Ant + Phe) varying from 0 to 0.4, 0.4 to 0.5, and 0.45 to 0.5, suggesting petroleum
source composition; among the 16 sampling sites, nine were suggested to be affected by
petroleum sources, except (S2, S5, S6, S7, S9, S14, S16) were affected by biomass and coal
(Figure 2d—f). Additional ratios of Flu/(Flu + Pyr), InP/(InP + BghiP), Ant/(Ant + Phe),
BaA/(BaA + Chr), and MPhe/Phe were varied from 0.5 to 0.6, 0.5 to 0.65, 0.1 to 0.25, 0.35
to 0.8, and 0.5 to 1, verifying biomass and coal composition, as displayed in Figure 2d—{. In
this research, we conditionally named PAHs and Me-PAHs sources in isomer ratios. The
results from diagnostic ratios indicated that all PAHs and Me-PAHs in the sampling area
mainly were relevant to either petrogenic or pyrogenic origin.

The principal component analysis is an effective approach for analyzing the compli-
cated properties of the pollution, highlight the main source and describing its relative
contribution [40]. Three factors were extracted in water, with total variances of 82.68%
(53.52,22.82, and 6.33) in Table S7 (Supplementary Materials). The first (PC1) was consort-
ing with a high loading for Fluo, Pyr, Chr, BaA, BaP, BbF, BghiP, Phe, and IcdP, accounting
for 53.52% of the variance. Besides, Pyr, BaA, Chr, and BaP stated gasoline, diesel exhaust
as well as incompletely burned [16]. Therefore, the PC1 was from producing pollution
(incomplete combustion of gasoline source). PC2 explained 22.82% of the variance, with
high loading for Flu, Ace, NaP, and Acy, which were recognized to originate from a petro-
genic source. Finally, PC3, 6.33% of the variance, determined by LMW PAHs (Phe, Ace,
NaP, and Ant) which were considered from petrogenic sources (Table S7 in Supplementary
Materials). Since different combinations of PAHs (LMW and HMW) occur, we categorized
PAHs sources in three factors as mixed for this research. Individual PAHs for each factor
might well be related either to the pyrogenic or petrogenic origin.
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Figure 2. Plots showing PAHs and MePAHs isomeric ratios Flu/(Flu + Pyr) versus: InP/(InP + BghiP), Ant/(Ant + Phe),
and BaA/(BaA + Chr), versus: MPhe/Phe, for water (a—c), and sediments (d—f) in Songhua River North China.

For sediment, two factors were extracted. PC1 and PC2 contributed 79.04% and
15.24%, as displayed in (Table S7). Chr, BbF, Pyr, BaP, IcdP, DahA, Acy, BaA, BkF, and
BghiP were high loading on PC1, signifying incomplete combustion of petrol and diesel
exhaust. PC2 was controlled by low (LMW) NaP, Ace, and Flu, which were concerned with
originating from petrogenic sources.

3.3. Sediment—Water Exchange

The fugacity difference in both sediments and water is defined as sediment-water
exchange. The calculation of sediment-water exchange was displayed in our previous
research [1]. We computed the fugacity fraction (ff) and in situ-carbon-normalized water—
sediment partition coefficients (Kic) by utilizing Equations (1) and (2). It must be consid-
ered that there exist propagated errors in the computed ff of chemicals substances between
two environmental media; thus, a margin of error is as a result utilized when evaluating
equilibrium stipulation between these adjoining media according to these data. In the
current research, the fugacity fraction between 0.3 and 0.7 stated an equilibrium between
these two media is nominated [18,41,42]. When the values of ff are between 0.3 and 0.7,
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PAHs, in equilibrium between sediment and water, anticipated that net diffusion flux is
equal to zero. The values of ff higher than 0.7 are directed at the strolling of the net flux that
is from the surface sediment to the water. Subsequently, the sediment acts as a secondary
emission source for these chemicals. When ff < 0.3, the net flux of chemical is from the
water to the sediment, being carried out as a sink for sediment [20].

The calculation showed a different exchange pattern between sediment and water
during the winter and summer seasons for these chemicals. The summer values of ff were
above 0.7 for much more than 68% HMW PAHs as well as 59% for Me-PAHs, in which
benzo[b]fluorantheen, chrysene, benzo[k]fluoranthene, pyrene, and benzo[g,h,iJperylen
were the most abundant of PAHs. The previous study reported similar results for HMW
PAHs [19]. For Me-PAHs, the ff values of 3,9-Dimethylbenzaanthracene, 7,9-
Methylbenzaanthracene, 5,8-Dimethylbenzocphenanthrene, and 7,12-Dimethylbenzaanthracene
were all >0.7, this indicating that surface sediment acted as the secondary source to river
water [5], as shown in Figure 3. During summer, the ff values were between 0.3 and 0.7
for more than 37% LMW, 2,2’-Dinitrobiphenyl, 9-Nitroanthracene, 9,10-Dinitroanthracene,
and 2-Nitrobiphenyl, suggesting that they were in equilibrium between water and sedi-
ments. PAHs ff values were higher in the summer than their parent PAHs, probably due
to the levels of pollution from HMW PAH as well as the increase in sediment organic
carbon content [43]. Other locations discovered the same conclusion [18]. In winter, av-
erage ff values of LMW Phenanthrene, Anthracene, and Fluoranthene were larger than
0.7, equivalent for Me-PAHSs, such as 2-Methylnaphthalene, 1-Methylphenanthrene, 1-
Methylanthracene, and 9-Methylanthracene, which suggests that these LMW PAHs and
Me-PAHs acted as the secondary source to river water. Whereas, the chemical com-
pounds with average ff values decrease more than 0.3 in winter, consisting of Indeno[1,2,3-
cd]pyrene, Dibenz[ah]anthracene, Benzo[g/h,i]perylene, 2-Nitrobiphenyl, 4-Nitrobiphenyl,
5-Nitroacenaphthene, 2-Nitronaphthalene, 2,2’-Dinitrobiphenyl, and 9-Nitroanthracene,
suggesting the net fluxes of PAHs and NPAHs, from water to sediment. It is shown that
PAHs and Me-PAHs values of ff diminished with lowering of PAHs and Me-PAHs rings
and growing with their rings in each season (Figure 3). Differences are located in plots
of water—sediment equilibrium in the course of winter and summer seasons for PAHs,
Me-PAHs, and NPAHs homologs. The net impact after transport of LMW PAHs, Me-PAHs,
and NPAHs for the duration of the winter seasons act as principal and secondary sources,
and switch of HMW throughout the summer seasons acting as secondary and equilib-
rium sources was achieved, whereas the secondary sources were dominant in the summer
seasons.

)
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Figure 3. Fugacity of the fraction (ff) between river water and sediment in Songhua River in (a) summer and (b) winter.
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3.4. Ecological Risk Assessment

Table 2 displays the mean risk quotients negligible concentrations (RQNCs) and risk
quotients maximum permissible concentrations (RQMPCs) of PAHs in river water during
the winter and summer. The risk quotient (RQ) was also computed using the following
equation: RQ = CPAHs/CQV, where CPAHs signifies the certain PAHs concentration in
the medium, as well as CQV defined as the consistency levels of certain PAHs with the
medium. The negligible concentrations NCs and maximum permissible concentrations
MPCs of individual PAHs in water were used as quality standards in the medium [44];
risk states according to both RQNCs and RQMPCs level were displayed in Table 1. This
research confirmed the RQNCs values in winter for Nap, BaA, BaP, Phe, Ant, Flua Pyr, Ace,
BbF, BKF, Flu, and BghiP, greater than 1.0, indicating medium risk, barring Chr, and DahA,
lower than 1.0 which confirmed a lower risk. For RQMPCs in winter, the 16 PAHs decrease
to 1.0 signifying lower risk, but the ) _PAHs greater than 1.0 confirmed excessive risk. In
the summertime, the result is comparable to winter in each RQNCs and RQMPCs. The
total Benzo[a]pyrene (BaP) toxic equivalence quotient (TEQ“ARC), which was calculated
utilizing according to the Equation (5), evaluated the possible carcinogenic toxicity of the
sediment evaluation. The TEQ, values were different from the summer and winter
seasons (Table S8 in Supplementary Materials). The total TEQarc in the summer season
varied from 1.5 to 246 ng-g~!, and in winter varied from 1.92 to 13.5 ng-g ! in sediment,
where the maximum TEQ.,r. was observed in 516 as well as S4 in the summer and winter
seasons, the two sites located in Zhaoyuan County and Ma Yan River. The variability of
every carcinogenic PAH on the evaluation of TEQcarc in the summer period was a result
of BaP (67%) > DahA (13%) > BbF (9%) > BaA (7%) > BKF (3%) > Chr (1%), and in winter
period as follows: BaP (73%) > BaA (10%) > BbF (9%) > BkF (5%)> DahA (2%) and Chr
(1%). Sediment with low carcinogenic compound concentrations indicates low toxicity
and carcinogenicity in the area under investigation. Moreover, BaP contributed 67% of
TEQ values, thus explaining this congener’s predominant role in assessing the cancer risk
due to PAH exposure [45]. A safe TEQar. value should be less than 600 ng- g’l, according
to Canadian soil quality guidelines for the protection of ecosystems and human health
from the carcinogenic effects of PAHs [17]. There was no sample found above the standard
in both seasons in this analysis. Furthermore, TEQcarc in this research was greater than
sediments from the Kifissos River [46] and Sediment from Gulf Gemlik [47].

Table 2. Mean values of RQ (NCs) and RQ (MPCs) of PAHs in the surface river water of the
Songhua River.

Water (ng/L) Winter Summer
PAHs TEFs
NCs MPCs RONCs ROQMPCs RQNCs RQMPCs
Nap 0.001 12 1200 7.34 0.07 9.23 0.09
Ace 0.001 3 300 3.22 0.02 3.51 0.03
Flu 0.001 3 300 10.3 0.09 11.0 0.11
Phe 0.001 3 300 17.2 0.17 23.5 0.23
Ant 0.01 0.7 70 7.96 0.07 8.15 0.08
Flua 0.001 3 300 4.08 0.04 4.98 0.04
Pyr 0.001 0.7 70 13.5 0.13 15.9 0.15
BaA 0.1 0.1 10 36.8 0.36 443 0.44
Chr 0.01 34 340 0.93 0.00 1.47 0.01
BbF 0.1 04 40 10.3 0.10 16.2 0.16
BKF 0.1 0.4 40 9.27 0.09 12.9 0.12
BaP 1 0.5 50 6.02 0.06 9.25 0.09
DahA 1 0.5 50 0.71 0.00 1.07 0.01
BghiP 0.01 0.3 30 9.68 0.09 13.0 0.13

Y PAHs - - - 136 1.36 174 1.74
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4. Conclusions

The source identification and spatial distribution of Me-PAHs, NPAHs, and PAHs
in the water and sediment were investigated. Me-PAHs contamination is most prevalent
in water, while PAHs were predominant in sediment. Sediment-water exchange was
examined, and high fugacity fraction values were discovered during summertime. The
result proved dominated by HMW PAHs, Me-PAHs, which acted as secondary emission
sources. The predominant sources are combined petrogenic and pyrogenic, relying on PCA
and diagnostic ratio indices. High ecological risk was detected in water, which requires
attention to the possible increased risk of chemicals in the Songhua River.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/w13091196/s1, Figure S1: The representative chromatograph of (a) PAHs, (b) Me-PAHs
and (c) NPAH, Figure S2: Average concentrations of 216 PAHs (a) water (ng/L), (b) sediment
(ng/g), Y33 Me-PAHs (c) water (ng/L), (d) sediment (ng/g), and )12 NPAHs (e) water (ng/L), (f)
sediment (ng/g), at 16 sampling sites during the summer and winter seasons, Figure S3: Scatterplot
of 216 PAHs VS ) 33 Me-PAHs and ) 14 NPAHs, (a) water and (b) sedimen, Table S1: Sampling
sites information selected to collect sediment and water samples, Table S2: GC-MS/MS detection
parameters of target PAHs, Me-PAHs and NPAHs including the opti-mized, Table S3: Concentrations
of target compounds in water (ng/L) and sediment (ng/g) samples from the Songhua River, North
China, Table S4: Concentrations of target compounds in water (ng/L) samples from the Songhua
River, North China, Table S5: Concentrations of target compounds in sediment (ng/g dw) samples
from the Songhua River, North China, Table S6: Physicochemical characteristics of sediment and
water samples, Table S7: Factor pattern of PCA for PAHs in water, sediment, of the Songhua River
Basin, China, Table S8: PAHs TEQ concentrations in different sediment sites (ng/g dw).
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